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Advances in the physics and technology of graphene 
(single layer graphene, SLG) have led to a wide range of 
fundamental discoveries and applications, which exploit 
its unique electrical properties, strength, transparency 
and mechanical flexibility, leading to device applications 
ranging from Thz devices [1] and ultrasensitive 
photon detectors [2, 3] to touch screens and wearable 
technology [4]. To date, the high room temperature 
carrier mobility of the exfoliated graphene (>10 m2 
(Vs)−1) [5, 6] cannot be reproduced in SLG grown by 
scalable large area methods, e.g. low pressure chemical 
vapour deposition (LP-CVD) [7, 8] or thermal annealing 
of SiC [9]. The reduced mobility in CVD-grown SLG is 
usually attributed to the presence of crystalline defects 
and scattering of free carriers by charged impurities and 
mechanical deformations in the graphene layer [10]. 
Understanding the processes that control and limit 
the electrical properties of graphene is a challenging 
research field that has potential to accelerate the 
technological readiness of large area SLG. Recent work 
has demonstrated significant changes in the charge 
concentration and mobility of SLG following plasma-
based treatment [7] and surface functionalisation with 
organic molecules [11, 12], ionic liquids [13, 14] and 
nanomaterials [2, 3, 15, 16]. Despite extensive work 
on the enhanced properties of decorated SLG devices, 
the mechanisms that govern the effect of surface 
functionalization on carrier density and mobility in SLG 
are not yet fully understood and controlled.
In this paper we demonstrate theoretically and 
experimentally that the correlation of charges in sur-
face-functionalised graphene can provide a means 
to independently control the carrier concentration 
and mobility. Our electrostatic model and Monte-
Carlo simulations indicate that surface decoration of 
graphene with localised charges can lead to either a reduc-
tion or an increase of the SLG carrier mobility, depend-
ing on the degree of charge correlation. In particular, 
the spatial correlation between electrically charged 
scattering centres located at the graphene/substrate 
interface and the localised charges in a capping layer can 
smooth out the electrostatic potential landscape, thus 
reducing scattering of charge carriers and enhancing 
their mobility. In order to achieve experimentally the 
spatial correlation-induced enhancement of mobil-
ity, we use CVD SLG devices decorated with a layer of 
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Abstract
We present a strategy for enhancing the carrier mobility of single layer CVD graphene (CVD SLG) 
based on spatially correlated charges. Our Monte Carlo simulations, numerical modeling and the 
experimental results confirm that spatial correlation between defects with opposite charges can 
provide a means to control independently the carrier concentration and mobility of planar field 
effect transistors in which graphene is decorated with a layer of colloidal quantum dots (QDs). 
We show that the spatial correlation between electrically charged scattering centres close to the 
graphene/SiO2 interface and the localised charges in a QD layer can smooth out the electrostatic 
potential landscape, thus reducing scattering and enhancing the carrier mobility. The QD capping 
molecules influence the distribution and correlation of electrical charges in the vicinity of SLG and 
provide a means of tuning the carrier concentration and increasing the carrier mobility in graphene. 
These results represent a significant conceptual advance and provide a novel strategy for control 
of the electronic properties of 2D materials that could accelerate their utilization in optoelectronic 
devices.
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colloidal PbS quantum dots (QDs), which are passivated 
with different capping molecules. We show that the QD 
capping molecules influence the distribution and cor-
relation of electrical charges in the vicinity of SLG and 
provide a means of tuning the carrier concentration and 
increasing the carrier mobility in graphene.
For SLG devices in which CVD-grown graphene is 
transferred onto a SiO2/Si (300 nm) substrate, the pres-
ence of charged defects in the vicinity of the graphene 
layer has a major impact on the electrical properties [17]. 
Our devices are produced from CVD grown graphene; its 
single layer nature is confirmed by Raman spectr oscopy 
[18]. The devices have linear current–voltage charac-
teristics, with p-type conductivity at zero gate voltage, a 
measured carrier concentration, p0 = 1.7  ×  10
16 m−2, 
and field effect mobility, 0µ =  0.5 m
2 (Vs)−1 at T  =  300 K 
[19]. Here we show theoretically and experimentally that 
this mobility can be significantly increased by decorating 
the SLG with a layer of QDs.
We use a simple model to describe the effect of a QD 
layer deposited on the surface of CVD-SLG. It includes 
the spatial correlation between the negative ionized 
acceptor impurities at the SiO2/SLG interface and the 
positively charged QDs, which behave as donors [19]. 
We define rimp  as an average nearest neighbour dis-
tance between impurities, dmin  as an averaged mini-
mum in-plane distance between the QDs and impurity 
charges, and rmax as a maximum allowed QD-impurity 
distance (figure 1(a), and supplementary information 
S1–S3 (stacks.iop.org/TDM/4/025026/mmedia)). 
Then the degree of spatial correlation can be described 
by the correlation coefficient d rmin imp/β = . Here 
0β =  corresponds to the maximum spatial correlation 
with dmin   =  0, and 1β =  describes uncorrelated dis-
tribution of QDs and impurities with d rmin imp= .
Figure 1(b) shows the electrostatic potential in the 
SLG calculated as a sum of Coulomb potentials gener-
ated by the impurities and the QDs for different val-
ues of β. The screening effect of graphene is neglected 
as the carrier concentration in the investigated sam-
ples is low. To calculate the potential maps shown in 
figure 1(b), we consider the case where the number of 
randomly distributed impurities and of QDs is equal 
to the carrier concentration measured in our pristine 
graphene, i.e. N N p 1.7 10imp QD 0
16= = = ×  m−2 
and r N4 3.8imp imp 1 2( ) /= =−  nm. In our model the 
QDs are placed randomly within an area of radius rmax 
from each impurity (insert in figure 1(c)). Reducing 
rmax leads to a corresponding reduction of dimp  and β. 
The dependence of the correlation parameter β on rmax 
is shown in figure 1(c) (for details see supplementary 
materials, S1–S3).
Electrostatic potential maps for the cases of strong 
( 0.25β = , r 2max =  nm), medium ( 0.60β = , r 6max =  
nm) and no correlation ( 1β = , r 100max =  nm) 
are shown in figure 1(b). It can be seen that there is 
a strong decrease of the length and depth of electro-
static fluctuations for the highly correlated cases. These 
fluctuations are characterised by a standard deviation 
U U
N i N i
1
1..
2( )σ = ∑ −= , where Ui and U  are the 
local and mean values of the electrostatic potential 
energy, and N is the number of local points where this 
potential is defined. The values of σ are 186 meV, 85 
meV and 45 meV for rmax = 100 nm, 6 nm and 2 nm, 
respectively.
Monte Carlo simulations were performed to esti-
mate the effect of the spatial correlation of charges on the 
carrier mobility, µ (see supplementary information, S4). 
Figure 2(a) compares the calculated dependence of the 
impurity-limited mobility, impµ , on Nimp according to a 
simple analytic expression for the mobility in extrinsic 
graphene proposed by Adam et al [22], i.e.
N
N
,
imp
0
0
imp
µ
µ
α= (1)
where 10µ =  m
2 (Vs)−1, N 100 14=  m−2 and α is a 
phenomenological parameter [22]. Our Monte Carlo 
simulations of impµ  are in qualitative agreement with 
this model for 150α = . In the case of an impurity-free 
SLG layer, the carrier mobility calculated by Monte 
Carlo simulations is limited by phonon scattering 
with maximum phonon-limited mobility of phµ   ≈ 
20 m2 (Vs)−1 at room temperature (supplementary 
information, S5). The concentration of impurities and 
mobility in our pristine graphene ( pristineµ = 0.5 m
2 
(Vs)−1) corresponds to the red circle in figure 2(a). We 
now examine the effect of the correlation of charges 
on mobility. The calculated dependence of µ on the 
correlation length, rmax, is shown in figure 2(b) for a 
stand-off impurity-SLG distance z 1imp =  nm [22] and 
a QD-SLG separation z 1QD =  nm, 5 nm and 10 nm 
(see supplementary information, S1). Our Monte 
Carlo simulations clearly indicate that the mobility 
in SLG depends on the degree of spatial correlation 
between positive and negative charges. A similar 
mechanism has been proposed previously to explain 
the increase of carrier mobility in conventional bulk 
semiconductors [20, 21].
We note that for large correlation lengths, r 20max>  nm, 
the randomly distributed positive charges introduce an 
additional Coulomb scattering, leading to a decrease 
of mobility relative to that of pristine graphene (lower 
dashed line in figure 2(b)). In contrast, for stronger spa-
tial correlations, r 10max<  nm, the carrier mobility is 
significantly higher. In particular, for r ~max  1 nm, the 
electrostatic potentials maps reveal a strong reduction 
in the amplitude of the potential fluctuations (figure 
1(b)), leading to a reduction of carrier scattering. Our 
calculations indicate that at rmax < 1 nm and z 1QD =  
the mobility approaches its phonon-limited maximum 
value of  ≈20 m2 (Vs)−1 (figure 2(b)).
In order to explore the effect of the spatial correla-
tion of charges in SLG experimentally, we fabricated 
the CVD graphene into 2-terminal devices and deco-
rated them with a layer of colloidal PbS QDs with aver-
age nanocrystal diameter d 4PbS≈  nm passivated by 
different capping ligands (figure 3(a), experimental 
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section). The length, l, of the capping ligand determines 
the spatial separation between individual nanocrys-
tals  and between them and the SLG. The overall QD 
size is estimated as d d l2QD PbS= + . We note that our 
devices are decorated with as-synthesised QDs and the 
QD layer does not undergo any chemical modifications 
[23]. Our measurements indicate that the presence of 
the layer of capping molecules between the SLG and the 
nanocrystals allows charge transfer into the adjacent 
graphene film but does not enable a measurable elec-
trical conductance parallel to the plane of the device. 
We estimate the areal surface density of QDs assuming 
hexagonal packing, where N d1.155QD QD
2/= . First, we 
consider QDs with a surface density matching that of the 
impurities in graphene. We use PbS nanocrystals capped 
with PEG500 molecules (QDPEG500) that have effective 
QD diameter d 14QDPEG500≈  nm, hence surface density 
N NQD impPEG500≈  (see experimental section). In these 
devices, the shift of the minimum of the current-gate 
voltage curve, I Vg( ), demonstrates clearly a reduction 
of the carrier concentration from p 1.7 100
16= ×  m−2 
to p 0≈  and an increase of the field-effect mobility 
from 0.5pristineµ =  m
2 (Vs)−1 to PEG500µ = 2 m
2 (Vs)−1 
(figure 3(b)). These values of mobility are determined 
from the I Vg( ) curve using the model described in [6]. 
This 4-fold increase of carrier mobility agrees well 
with the results of our charge correlation model using 
the correlation parameter 0.8β≈ , r 10max≈  nm and 
z 5QD≈  nm. These parameters correspond to an average 
in-plane separation between the QDs and the impurity 
d 3min≈  nm (figure S5, supplementary information S3).
The results for SLG decorated with a layer of smaller 
QDs, i.e. with higher surface density than Nimp, are dif-
ferent. For this experiment we use PbS quantum dots 
capped with short capping molecules, QDTGL, with 
d 5QDTGL≈  nm. We observe the carrier concentration 
Figure 1. (a) Illustration of spatial correlation between local charges in the vicinity of the graphene plane in the xy-plane and (inset) 
vertical z-direction. (b) Simulated positions of impurity (blue o) and QD (red  +) charges within the xy-plane of an area 50 µm  ×  50 µm 
for different correlation lengths, rmax, and corresponding electrostatic potential maps in graphene. (c) Correlation parameter β as a 
function of rmax and (inset) a sketch of distribution of charges in the xy-plane. The dashed line is for r Nmax impβ = .
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and polarity change from p 1.7 1016= ×  m−2 to 
n 1.8 1016= ×  m−2, accompanied by a mobility 
increase from 0.5pristineµ =  m
2 (Vs)−1 to 0.7TGLµ ≈  
m2 (Vs)−1 (figure 3(c)). We attribute the change of 
conductivity from p to n in this sample to a charge 
transfer effect: the QDs act as donors with an effec-
tive sheet density estimated for hexagonal packing 
N 3.5 10QD 16TGL = ×  m
−2. This is significantly higher 
than Nimp. We estimate that about 50% of ionised 
QDTGL compensate all the ionised impurities in SLG, 
while the remaining ionised QDs act as scattering cen-
tres. Hence the increase of carrier mobility measured 
in this device is lower than for devices decorated with 
QDPEG500 for which N NQD impPEG500≈ . For all our devices 
we find good agreement between the QD areal density 
and the QD-induced change of carrier concentration 
in SLG (figure 3(a)), assuming transfer of 1 electron 
per QD. A small deviation between the QD density and 
our measured carrier densities for long C-chain ligands 
could be due to compression and/or interdigitation 
of capping molecules [25, 26], leading to a higher QD 
density than that expected for stretched ligands. This 
observation is also supported by our TEM studies [19], 
where for PEG-capped QDs the nanocrystal separation 
distance is smaller. Our TEM studies indicate that the 
distance can vary from 1l to 2l. Also, although the charge 
transfer into the adjacent SLG is expected to be faster for 
shorter ligands [24], we observe kinetic-related effects 
only in measurements relying on transfer of photoex-
cited charges [19].
To interpret our experimental results, we plot the 
calculated dependence of µ on the carrier concentra-
tion estimated as N Nimp QD− , for different correlation 
lengths, rmax (figure 4). Here the results of the Monte 
Carlo simulations are shown for rmax = 5 nm (blue), 
rmax = 10 nm (green), rmax = 20 nm (red), and rmax = 
30 nm (magenta). The dashed lines represent the impu-
rity-limited mobility calculated using equation (1) 
Figure 2. (a) Impurity-limited mobility, impµ , as a function of impurity density, Nimp, calculated by Monte Carlo simulations 
(data points) and by an analytical model with phenomenological parameter 150α =  (dashed line). The red circle corresponds 
to the mobility of the pristine graphene sample. (b) Calculated mobility, µ, as a function of the correlation length, rmax, for a QD 
concentration N N 1.7 10QD imp 16= = ×  m−2, and stand-off distance z 1QD =  nm (magenta), z 5QD =  nm (green) and z 10QD =  nm  
(blue). Bold horizontal lines indicate corresponding mobilities in case of no correlation (r 100max>  nm). The top dashed line 
describes the estimated phonon-limited mobility of pristine graphene. The bottom dashed line is the mobility of the pristine 
graphene sample.
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with 150α =  for two cases: (i) maximum correla-
tion between QD charges and impurities (red line) 
so that effective concentration of scaterring centers is 
N Nimp QD−  and (ii) no correlation (black line) with 
concentration of scatterring centers N Nimp QD+ . We 
find that the analytical model and the Monte Carlo 
simulations are in good agreement. Also, they reveal sig-
nificant asymmetry of the carrier mobility at negative 
(n-type) and positive (p-type) carrier concentrations 
in SLG (figure 4). This asymmetry can be explained as 
follows. Varying the concentration of the donor QDs 
acts to either increase or decrease the concentration 
of scattering centres. Also, depending on the degree of 
correlation between the QDs and impurity charges, the 
mobility can either increase or decrease relative to the 
value in pristine graphene.
Our experimental results support the simulations. 
The largest increase of µ by a factor of 4 is observed 
for QDPEG500 for which N NQD impPEG500≈ . For the SLG 
decorated with smaller QDTGL, where N Nimp QD< , the 
increase of µ is smaller. Also, in this sample the exper-
imental mobility is higher than the calculated value. 
We envisage that this difference could arise from spe-
cific assumptions in our model. We assume an equal 
contrib ution to charge scattering from impurities and 
QD charges. However, there is significant uncertainty 
Figure 3. (a) The correlation between the measured QD-induced doping concentration and the areal QD density calculated 
assuming stretched ligand length, l (black line) and shortened to l/2 (dashed line). Inset shows a cartoon of a two-terminal  
CVD-SLG device decorated with colloidal quantum dots. (b) I Vg( ) characteristics of SLG devices before (black line) and after 
decoration with QDPEG500 (blue line). The inset shows the effects of ligand removal by thermal annealing at Tann  =  200 °C for 1 h on 
I Vg( ) characteristics of the QDPEG500 decorated device (dashed line). (c) Effect of surface decoration with a layer of QDTGL (red line) 
on the I Vg( ) characteristics of CVD-SLG devices.
Figure 4. Measured and calculated mobility, µ, as function of carrier density. Black squares are data points for 3 measured devices 
(pristine, PEG500, and TGL). Circles correspond to Monte Carlo simulations for z 1QD =  nm and correlation lengths  
rmax = 5 nm (blue), rmax = 10 nm (green), rmax = 20 nm (red), and rmax = 30 nm (magenta). Dashed lines represent results of 
analytical calculations for maximum and minimum correlation cases with concentration of scattering centres N Nimp QD−   
(red line) and N Nimp QD+  (black line).
2D Mater. 4 (2017) 025026
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in the value of zQD and it is likely that the charges in the 
QDs are at larger distance from the SLG than zimp.
Finally, in order to distinguish between the effect 
induced by capping ligands and by the inorganic 
nanocrystals on the charge correlation, we use two 
approaches: first by thermal annealing of QD-decorated 
devices to remove the capping ligands and secondly by 
depositing a layer of capping molecules that precedes the 
deposition of QDs. Thermal annealing of the QD-SLG 
structures at temperatures up to T  =  200 °C for up to 2 h 
in vacuum leads to the removal of the capping molecules 
while the crystallinity of the QDs is not affected [27]. This 
affects the integrity of dielectric layer resulting in signifi-
cant changes in the electrostatics and hence a reduced 
spatial correlation of charges and a corresponding 
decrease of mobility (see inset in figure 3(b) for results on 
annealing of SLG/QDPEG500). We also note that the depo-
sition of a layer of capping molecules (purple line in fig-
ure 3(c)) does not lead to a pronounced increase in mobil-
ity, despite the low carrier concentration in the device 
(the minimum of conductance approaches Vg ~ 0 V). 
This observation suggests that there is no charge correla-
tion effect in organic layer-decorated SLG and that the 
only deposition of a layer of QDs efficiently capped with 
ligands leads to significant increase of the carrier mobil-
ity by means of charge correlation.
In summary, we have demonstrated that the dec-
oration of single-layer CVD graphene with a layer of 
ligand-capped QDs has a strong influence on carrier 
density and provides a means of increasing significantly 
the carrier mobility even in heavily doped SLG. We have 
used Monte Carlo simulations combined with a simple 
electrostatic model to explain this phenomenon by spa-
tial correlation between positive and negative scattering 
centers in the vicinity of single layer graphene. The con-
trol of the carrier concentration and carrier mobility 
could prove to be a useful tool for fundamental studies 
of charge correlation phenomena and for the applica-
tion of graphene in devices requiring a high mobility 
and controlled carrier concentration.
Experimental section
Single layer graphene on copper substrates was grown 
by low-pressure chemical vapour deposition (LP-CVD) 
[18] and transferred onto a SiO2/n-Si substrate (SiO2 
layer thickness t = 300 nm). CVD SLG was processed 
into 2-terminal planar devices with dimensions of 6 
µm  ×  10 µm (figure 3). The bottom n-Si layer served 
as a gate electrode. Colloidal quantum dots with an 
average PbS core diameter of 4  ±  1 nm were capped 
with ligands of different length, l, which determines the 
effective separation between the PbS nanocrystals and 
graphene layer [19]. For QDPEG500, the polyethylene 
glycol (PEG500) has length l  =  5 nm. For QDTGL, the 
thioglycerol (TGL) and 2,3-dimercapto1-propanol 
(DTG) ligands have l  =  0.5 nm [19]. The QDs were 
drop-cast from aqueous solution (5 mg ml−1) and 
dried for 12 h in vacuum. All electrical measurements 
on two terminal devices were performed at room 
temperature in vacuum (~10−6 mbar).
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